1. Introduction {#sec0005}
===============

At the end of 2019 on December 31^st^, a cluster of patients with pneumonia of unknown cause in the city of Wuhan, Hubei province of China were reported to the World Health Organization by national authorities in China ([@bib0005]). A novel coronavirus was isolated and designated severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), causing coronavirus disease 2019 (COVID-19). As of April 16, 2020, this ongoing global health emergency has resulted in over 2,000,000 confirmed cases in 185 countries and regions, with more than 25% of confirmed cases in the United States ([@bib0010]). The global mortality rate has been estimated to be 5.7%, with higher mortality occurring among the elderly ([@bib0015]). The majority of deaths have occurred among adults aged greater than 60 years and those with serious underlying health conditions, with the highest fatality in those aged greater than 85 years ranging from 10% to 27% in the United States ([@bib0020]; [@bib0025]). Differences in disease prevalence are affected by sex, with data indicating that there is a higher prevalence of COVID-19 among men ([@bib0030]; [@bib0035]). The majority of early cases were linked to exposure to the Huanan Seafood Wholesale Market, potentially through zoonotic transmission ([@bib0040]). Human-to-human transmission of SARS-CoV-2 was subsequently found to occur, with an attack rate within families of 83% suggestive of its high transmissibility ([@bib0045]; [@bib0050]).

The current outbreak of SARS-CoV-2 follows that of recent outbreaks of severe acute respiratory syndrome coronavirus (SARS-CoV) in 2002 and the Middle East respiratory syndrome coronavirus (MERS-CoV) in 2012 ([@bib0055]). These coronaviruses are both zoonotic pathogens, with bats serving as the primary reservoir ([@bib0060]). Masked palm civets were the intermediate reservoir for SARS-CoV, and dromedary camels for MERS-COV, where zoonotic transmission to humans subsequently occurred ([@bib0060]). While SARS-CoV-2 appears to have lower fatality rates than SARS-CoV (9.5%) and MERS-CoV (34.4%), it has a greater ability to spread ([@bib0055]; [@bib0065]). Like SARS-CoV, the pathogenesis of SARS-CoV-2 involves the binding of its spike protein to angiotensin converting enzyme-2 (ACE2) in the host ([@bib0070]; [@bib0075]). When cleavage occurs between the S~1~ and S~2~ subunits, the spike protein becomes activated for membrane fusion for entry into the host cell ([@bib0070]; [@bib0075]). ACE2 is expressed on numerous tissues in the nasopharynx and intestinal epithelia, particularly in type II alveolar cells in the lung ([@bib0080]; [@bib0085]; [@bib0090]). Following entry of the virus into the host cells, viral RNA attaches to the host ribosome for translation of large polyproteins that are processed via proteolysis into components for new virions ([@bib0095]; [@bib0100]). Along with the papain-like protease, the coronavirus main protease (M^pro^) is responsible for this proteolysis ([@bib0095]). Encoded by open reading frame 1 (ORF1) of the genome as non-structural protein 5 (Nsp5), M^pro^ cleaves at 11 sites in the polyproteins ([@bib0095]).

To date, there is an absence of a vaccine and a lack of effective antiviral therapeutics against SARS-CoV-2. Therefore, there is an intense interest in identifying compounds that may interact with key viral molecular targets. Due to their functional importance and high degree of conservation among coronaviruses, M^pro^s have become an important target in the design of anti-coronaviral drugs ([@bib0095]; [@bib0105]). The structure of the SARS-CoV-2 M^pro^ was initially solved by Jin et al. in late January of this year ([@bib0110]), accelerating the search for drugs that may act as lead compounds. Following the 2002 SARS outbreak, work by Hilgenfeld at al. aimed at designing compounds with broad-spectrum anti-coronaviral activity, focussing on main proteases ([@bib0095]; [@bib0115]). Previously, they found that peptidomimetic α-ketoamides were potential candidates for broad-spectrum inhibitors of coronavirus and enterovirus replication ([@bib0120]). Most recently, work aimed at improving the biological properties to produce an inhibitor specific for the SARS-CoV-2 M^pro^ resulted in the potential antiviral agent α-ketoamide 13b ([@bib0125]). It was found that compound 13b demonstrates binds to the substrate-binding cleft and exhibits antiviral activity *in vitro*, inhibiting the SARS-CoV-2 M^pro^ with IC~50~ = 0.67 ± 0.18 μM ([@bib0125]).

Here, our aim was to further investigate the interaction of the α-ketoamide 13b with the SARS-CoV-2 M^pro^ *in silico*. To highlight the importance of molecular dynamics simulations, we compared the properties of α-ketoamide 13b, with one of the most widely prescribed antibiotics, amoxicillin. Amoxicillin was chosen for comparison for two reasons: 1) although it does not possess antiviral properties, it remains a mainstay as a frontline therapy for viral infections, including COVID-19, presumably to protect from opportunistic secondary bacterial infections, and 2) our initial screening indicates that it binds to the active site of the SARS-CoV-2 M^pro^ akin to α-ketoamide 13b, albeit with lower affinity.

2. Methods {#sec0010}
==========

2.1. Docking to the active site of the SARS-CoV-2 M^pro^ {#sec0015}
--------------------------------------------------------

Preparation of systems and docking calculations were carried out using the Schrodinger Suite ([@bib0130]) molecular modelling package (version 2018-1) using default parameters unless otherwise specified. The PDBePISA (Proteins, Interfaces, Structures and Assemblies) server ([@bib0135]) was used to assemble a homodimer complex of the SARS-CoV-2 M^pro^ (PDB ID: 6LU7). Crystallographic water molecules were removed. The homodimer protein complex was prepared using the Protein Preparation Wizard ([@bib0140]). This was used to assign bond orders, add hydrogens, create zero-order bonds to metals, and create disulphide bonds. Hydrogen bonds were assigned and optimised, followed by restrained energy minimization. Ligand structures were pre-processed using LigPrep ([@bib0145]), for the generation of ionization and stereoisomer variants of input molecules to obtain structures with optimised geometry.

Two receptor grids of 20 × 20 x 20 Å in size were generated around the active site of the protease, centroid to residues GLY-23, THR-24, GLY-143, HIS-163, THR-190, and ALA-191 on each chain. Ligands were docked to each chain separately. Docking was carried out using the Quantum Mechanics-Polarized Ligand Docking (QPLD) workflow ([@bib0150]) of Schrodinger. Initial docking was performed using the extra precision (XP) scoring function of Glide ([@bib0155]). Partial charges on ligand atoms were then calculated using quantum mechanical methods using the 'accurate' setting in Jaguar ([@bib0160]). Ligands were re-docked using the calculated charges with XP docking mode of Glide, and the final pose was selected based on GlideScore ([Table 1](#tbl0005){ref-type="table"} ).Table 1Binding affinity calculated using molecular docking to the active site with QPLD in kcal/mol.Table 1Protomer AProtomer BStructureα-ketoamide 13b−8.7−9.2![](fx1_lrg.gif)Amoxicillin−5.0−4.8![](fx2_lrg.gif)

2.2. Molecular dynamics (MD) simulations {#sec0020}
----------------------------------------

Classical MD simulations were performed using GROMACS 2018.2 software ([@bib0165]; [@bib0170]) with the CHARMM27 force field ([@bib0175]; [@bib0180]). Ligand topology was generated using SwissParam ([@bib0185]). Protein-ligand complexes were solved using TIP3P water ([@bib0190]) in a dodecahedral box with a minimum of 2.0 nm distance between any protein atom to the closest box edge. Sodium ions were added to the solvated system to neutralise the charge. Energy minimisation was performed using a steepest-descent gradient method for a maximum of 50,000 steps. Each complex was then restrained using an isothermal-isochloric (NVT) ensemble and isothermal-isobaric ensemble (NPT) for 100 ps. Temperature was maintained at 310 K with a modified Berendsen thermostat ([@bib0195]), and pressure at 1.0 bar with the Parrinello-Rahman barostat ([@bib0200]). Bond lengths were constrained using the LINCS algorithm ([@bib0205]), with long-range electrostatic forces calculated using the particle-mesh Ewald scheme (PME) ([@bib0210]) (grid spacing 0.16 nm). Cutoff ratios of 1.2 nm for Coulomb and van der Waals potentials were used for the calculation of short-range nonbonded interactions. Simulations were carried out for 100 ns with a time-step of 2 fs in triplicate, with random generation of velocities according to a Maxwell distribution.

Visual Molecular Dynamics 1.9.3 ([@bib0215]) was utilised for analysis and visualisation of trajectories. Molecular Mechanics-Poisson Boltzmann Surface Area (MM-PBSA) was utilised for the quantification of free energy calculations ([@bib0220]). This was performed using the g_mmpbsa tool ([@bib0225]). MM-PBSA calculations were performed on 1 ns segments of the triplicate stabilised trajectories ([@bib0230]). Energy contributions from electrostatic, van der Waals, and polar solvation terms were calculated using the adaptive Poisson-Boltzmann Solver (APBS) ([@bib0235]). Grid spacing was set to 0.05 nm, and values of 80 and 2 were used for solvent dielectric constant and solute dielectric constant, respectively. Solvent-accessible surface area (SASA) was used to approximate the non-polar energy contribution, with the probe radius set to 0.14 nm. Entropic energy terms were excluded from the calculations.

3. Results and Discussion {#sec0025}
=========================

3.1. The α-ketoamide 13b ligand binds with relatively high affinity to the active site of the SARS-CoV-2 M^pro^ {#sec0030}
---------------------------------------------------------------------------------------------------------------

Docking was performed using the QPLD workflow of Schrodinger to obtain a rigorous estimate of ligand binding affinities to the active site. The receptor grid was centred around the active site residues for a comprehensive search of binding poses using partial atomic charges calculated using quantum mechanical methods. The α-ketoamide 13b ligand bound to the protease with a GlideScore of -8.8 kcal/mol to the monomer, compared to -5.2 kcal/mol for amoxicillin. For binding to the dimer structure of the protease ([Table 2](#tbl0010){ref-type="table"} ), α-ketoamide 13b bound with strong affinities of -8.7 and -9.2 kcal/mol to protomers A and B, respectively. Amoxicillin bound with slightly weaker affinities that were similar between binding to both protomers, with glide energy values of -5.0 and -4.8 kcal/mol to protomers A and B, respectively. Hydrogen bonds are shown to be formed with GLU-166 in both protomers ([Fig. 1](#fig0005){ref-type="fig"} ). Ligand interaction diagrams reveal α-ketoamide 13b is docked in a position similar to that described by the crystal structure solved by Zhang et al., with the cyclopropyl ring of α-ketoamide 13b facing residues HID-41 and MET-49 in the hydrophobic S2 subsite ([Fig. 1](#fig0005){ref-type="fig"}) ([@bib0125]). For both protomers, a hydrogen bond is shown to form with GLU-166, which forms part of the S1 substrate binding site. The docked α-ketoamide 13b forms a hydrogen bond with PHE-140 in protomer A, and ASN-142 in protomer B, which are both also residues located within the S1 substrate binding subsite.Table 2Average energy contribution in kcal/mol of ligands bound to SARS-CoV-2 M^pro^ in kcal/mol.Table 2Type of energyα-ketoamide 13b (Protomer A)α-ketoamide 13b (Protomer B)Amoxicillin (Protomer A)van der Waal−45.2−47.9−27.3Electrostatic−4.5−8.212.9Polar solvation37.838.850.7SASA energy−5.0−5.1−3.5Binding energy**-25.2-22.332.8**Fig. 1Ligand interaction diagrams following molecular docking of α-ketoamide 13b (A, B) and amoxicillin (C, D) to protomers A and B of SARS-CoV-2 M^pro^. Pink arrows indicate formation of hydrogen bonds.Fig. 1

3.2. Ligand effects on overall structure of SARS-CoV-2 M^pro^ {#sec0035}
-------------------------------------------------------------

Molecular dynamics simulations were performed on the protease dimer in its apo form and bound to α-ketoamide 13b and amoxicillin. Ligand-bound systems contain two compounds, with a single compound bound to the substrate binding site on each protomer, as determined by molecular docking described in the previous section. Systems were solvated in a water box and simulated in triplicate for 100 ns.

Root mean square deviation (RMSD) analysis indicates that the protein structure remains stable, and that structural rearrangements equilibrate after approximately 60 ns ([Fig. 2](#fig0010){ref-type="fig"} A). Subsequent analysis was performed on the last 40 ns of the trajectory, after protein complexes were stabilised. Compounds bound to the protease demonstrated a modestly higher average RMSD. The apo protease had an average RMSD of 0.24 nm, compared to 0.27 nm for α-ketoamide 13b and 0.26 nm for amoxicillin bound forms.Fig. 2Stability of SARS-CoV-2 M^pro^ complex in the presence of α-ketoamide 13b and amoxicillin. Average root mean square deviation (RMSD) for protein fit to backbone (A) for 100 ns, and average root mean square fluctuation of whole protein (B) following stabilisation. M^pro^ apo form is shown in blue, α-ketoamide 13b bound in red, and amoxicillin bound is shown in green. (C) shows the RMSF values the apo form subtracted from ligand bound forms of the protein.Fig. 2

Root mean square fluctuation (RMSF) analysis measured the flexibility of the entire protein with respect to its average structure. For both apo and ligand-bound forms of the protease dimer, the largest fluctuations occurred at the C-terminal region of each protomer, as well as in four distinct areas: from residues THR-45 to ASN-51, at TYR-154, from VAL-186 to ALA-194, and at ARG-222 in both protomers ([Fig. 2](#fig0010){ref-type="fig"}B). These regions lie within domain I, domain II, the connecting loop, and domain III of M^pro^ respectively ([@bib0110]). The remaining residues of the protomers remained relatively stable. When RMSF values of the apo protease were subtracted from the ligand bound forms, peaks persisted in the aforementioned regions, indicating more dramatic fluctuations in these residues when α-ketoamide 13b and amoxicillin are bound ([Fig. 2](#fig0010){ref-type="fig"}C). Aside from C-terminal fluctuations, the greatest difference in RMSF between ligand and apo protease forms occurred between domain I residues THR-45 and ASN-51, and residues VAL-186 to ALA-194, particularly in protomer A. The fluctuating domain I residues are located within the substrate binding site of the protease. Residues of the connecting loop between domains I and II also show relatively high RMSF values, demonstrating decreased stability in this region.

3.3. The α-ketoamide 13b ligand binds with a strong free energy to SARS-CoV-2 M^pro^ {#sec0040}
------------------------------------------------------------------------------------

It is noted that from visual inspection, while α-ketoamide 13b remains strongly bound to the active site of the protease throughout the trajectory (Media S1), amoxicillin does not remain bound to the protease. Amoxicillin bound to protomer B (amoxicillin-B) of the protomer is seen to detach after approximately 40 ns (Media S2) and remains unbound in the solvent for the remainder of the trajectory. In another replicate, amoxicillin bound to protomer A (amoxicillin-A) detaches 13 ns into the trajectory and attaches to protomer B, where it interacts with the amoxicillin-B at 47 ns. At 70 ns, amoxicillin-A replaces amoxicillin-B in the active site of protomer B, while amoxicillin-B moves to bind to the apex of the protease. [Fig. 3](#fig0015){ref-type="fig"} depicts snapshots of frames along these trajectories. Thus, subsequent analysis using MM-PBSA for binding of amoxicillin are performed in duplicate on trajectories where amoxicillin-A remains bound to the protease. Analysis for α-ketoamide 13b is performed in triplicate.Fig. 3Snapshots of 100 ns trajectory of α-ketoamide 13b and amoxicillin bound to SARS-CoV-2 M^pro^. Protomer A and B are shown as blue and silver respectively. (A) α-ketoamide 13b bound to chain A and B are depicted in yellow and red respectively. (B) Amoxicillin bound to chain A at the start of the trajectory is shown in green, and (C) bound to chain B is purple. (A) and (B) depict respective final frames of the protein-ligand complex, while (C) depicts snapshots along the trajectory.Fig. 3

Molecular mechanics-Poisson Boltzmann surface area (MM-PBSA) calculations were performed to calculate binding free energy and to examine binding mechanisms. [Table 2](#tbl0010){ref-type="table"} indicates that van der Waals interactions are the predominant driving force for binding of α-ketoamide 13b to both protomers of the SARS-CoV-2 M^pro^ active site. Electrostatic and solvent-accessible surface area (SASA) energy had minor contributions to a favourable binding energy. α-ketoamide 13b bound to protomer A with a ΔG of -25.2 kcal/mol to, and -22.3 kcal/mol to protomer B of the protease, indicating that α-ketoamide 13b binds strongly to the protease. Amoxicillin, on the other hand, produced a positive ΔG of +32.8 kcal/mol. This indicates that amoxicillin interacts unfavourably with the protease, consistent with visual analysis of the trajectories where it detaches from the protein in some cases ([Fig. 3](#fig0015){ref-type="fig"}, Media S2 and S3). While van der Waals forces were still the primary contributor for favourable binding energy, electrostatic interactions were strongly positive in contrast to α-ketoamide 13b binding. Polar solvation energy was also significantly more unfavourable compared to binding with α-ketoamide 13b. While MM-PBSA is a commonly used method for estimating free energy, it should be noted that entropy terms are excluded from calculations. While MM-PBSA methods have been used to rescore poses obtained through molecular docking, it should be noted that values produced should be treated as relative differences across a set of ligands, rather than absolute ([@bib0240]; [@bib0245]). Nevertheless, the results presented here demonstrate that α-ketoamide 13b is able to bind strongly to the substrate binding site of the protease.

3.4. Key substrate binding residues contribute to favourable binding free energy to α-ketoamide 13b {#sec0045}
---------------------------------------------------------------------------------------------------

Residue energy contributions are decomposed in [Fig. 4](#fig0020){ref-type="fig"} , where the average energy contributions are shown on a per-residue basis for the entire protease. For α-ketoamide 13b, energy contributions are largely confined to the protomer on which they are bound. Residue energy contributions are mostly favourable, shown as negative peaks below the x-axis ([Fig. 5](#fig0025){ref-type="fig"} ).Fig. 4Average residue contributions to binding free energy of α-ketoamide 13b (A) and amoxicillin (B) to protease dimer. (A) shows residue contributions for both α-ketoamide 13b ligands bound to the dimer, with α-ketoamide 13b bound to protomer A in red, and α-ketoamide 13b bound to protomer B in light blue. For amoxicillin (B), residue contribution for the compound originally bound to protomer A is shown. Average residue contributions for α-ketoamide 13b were calculated based on triplicates, and for amoxicillin in duplicate.Fig. 4Fig. 5Energy contribution of residues to binding of ligands to SARS-CoV-2 M^pro^. (A) shows binding of α-ketoamide 13b to the substrate binding site of protomer A, (B) shows binding of α-ketoamide 13b to the substrate binding site of protomer B, and (C) depicts amoxicillin bound to protomer B at the final frame of a 100 ns trajectory. Residues are coloured according to their energy contribution in kcal/mol, with red indicative of a more favourable contribution.Fig. 5

The residue with the most negative energy contribution corresponding to the most favourable interaction is MET-49 on both protomers. This residue lies within the region where the large fluctuations in RMSF were observed in [Fig. 2](#fig0010){ref-type="fig"}. A more favourable energy contribution was observed for this residue on protomer A on the dimer of -2.40 kcal/mol compared to -1.26 kcal/mol for protomer B. This is in line with the slightly stronger ΔG of for α-ketoamide 13b binding to protomer A compared to protomer B ([Table 2](#tbl0010){ref-type="table"}). MET-49 is located in the S2 subsite of the substrate binding pocket, previously found to form a 'lid' in the closely related SARS-CoV M^pro^ S2 site facilitating hydrophobic interactions that enable inhibition of the enzyme with α-ketoamides ([@bib0120]). Another residue contributing favourably to binding to both protomers is CYS-145. The energy contribution was calculated to be -1.08 kcal/mol in protomer A, and -0.94 kcal/mol in protomer B. CYS-145 is conserved among viral proteases, and along with HIS-41 forms the catalytic dyad in the SARS-CoV-2 M^pro^ ([@bib0250]; [@bib0255]). A nucleophilic attack occurs with the catalytic CYS-145 on the α-ketoamide 13b, while HIS-42 acts as a hydrogen acceptor ([@bib0125]).

A peak in energy contribution is only apparent for ASP-187 in α-ketoamide 13b binding to protomer A. This agrees with RMSF data where the residue fluctuations were more apparent in protomer A than B. A slightly unfavourable interaction with α-ketoamide 13b is observed, with an energy contribution of 0.34 kcal/mol for protomer A. The alkyl portion of the ASP-187 side chain forms part of the hydrophobic S2 subsite. Favourable energy contributions are seen in residues THR-25 and LEU-27 of protomer A that are not seen in protomer B, with contributions of -0.54 and -0.66 kcal/mol respectively. THR-25, along with THR-24 have previously been shown to interact with van der Waals forces with the benzyl group of α-ketoamide 13b in the S1' site ([@bib0125]).

In protomer A, GLU-166 and MET-165 produce favourable energy contributions of -0.51 and -0.59 kcal/mol, and HIS-164 produces a large unfavourable energy of 0.34 kcal/mol. Interestingly, while a similar trend is observed in protomer B for MET-165 (-1.13 kcal/mol) and HIS-164 (0.85 kcal/mol), GLU-166 demonstrates a strong unfavourable energy contribution of 0.77 kcal/mol instead. This seems to be in line with work from Zhang et al., where they found that GLU-166 adopted an inactive conformation in protomer B ([@bib0125]). GLU-166 is a key residue essential for catalytic activity, interacting with NH~2~ terminal residues of each protomer at the dimer interface, shaping the S1 pocket of the substrate binding site ([@bib0125]; [@bib0260]).

When energy contribution from individual residues are decomposed for amoxicillin binding to protomer A of the protease, the range of energy is larger and greatly varied across the protein when compared to α-ketoamide 13b binding. While amoxicillin is bound to protomer A of the protease, energy contributions occur across both protomers, with extremes in both favourable and unfavourable directions. Larger energy contributions occur in the unfavourable direction above the x axis, contributing to the positive binding energy of the ligand. Along with the slightly larger fluctuations in RMSF values compare to α-ketoamide 13b ([Fig. 3](#fig0015){ref-type="fig"}C), it may be that the structure of the protease is destabilised when amoxicillin is bound. Further analysis with more rigorous free energy prediction methods may be required to examine the effect of amoxicillin on the SARS-CoV-2 M^pro^. Overall, our findings highlight the stability of the interaction of the α-ketoamide 13b ligand with the SARS-CoV-2 M^pro^, confirming the need to further evaluate the antiviral properties of this compound.
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